Introduction
Circulating plasma iron reflects dietary iron absorption by the enterocytes of the duodenum and release of iron from the macrophages of the reticuloendothelial system. Iron export from these cells is regulated by the liverderived peptide hepcidin. Following its synthesis and secretion from the liver, circulating hepcidin reduces iron export by binding to the iron exporter ferroportin1 present on the surface of enterocytes and macrophages leading to its degradation and subsequent cellular iron retention. 1 As befits an iron-regulatory hormone, hepcidin synthesis is under the control of body iron status. Although hepcidin synthesis has clearly been shown to be increased by iron treatment to limit further iron absorption, [2] [3] [4] the setting of the iron-dependent molecular circuitry regulating hepcidin is still incompletely understood. Emerging evidence from studies of inherited defects does however, suggest that hepcidin expression in the liver is influenced by hemojuvelin (HJV), transferrin receptor 2 [TfR2, a recently described liver-specific homolog of transferrin receptor-1 (TfR1)] and HFE. Indeed, mutations of the genes coding for these three liver-enriched membrane proteins are associated with human hereditary hemochromatosis, an iron overload disease characterized by increased iron absorption, increased reticulo-endothelial cell iron release, elevated serum iron levels and increased tissue iron deposition. 5 The common pathogenic mechanism responsible for these iron disorders, as demonstrated in humans and mice, is hepcidin deficiency. 5 The signal transduction pathway linking HJV to hepcidin has recently been elucidated. HJV acts as a coreceptor for bone morphogenetic protein (BMP) signaling, ultimately activating receptor Smad/Smad4 complexes to increase hepcidin transcription. [6] [7] [8] BMP, like other transforming growth factor superfamily ligands, induce apposition of type I and type II receptors to cause phosphorylation of type I receptors. Activated BMP type I receptors phosphorylate the BMP-responsive Smad proteins 1/5/8, leading to the interaction of these proteins with the common mediator Smad4, subsequent nuclear translocation of the complexes, and finally, transcriptional regulation of BMP-responsive genes. BMP-2, 4, 5, 6, 7 and 9 were all shown to induce hepcidin gene expression robustly in hepatoma cells 8, 9 and BMP2 injection was demonstrated in vivo to increase hepcidin expression and decrease serum iron levels. 8 The final effector Smad4 is believed to be important for maintaining basal hepcidin expression by keeping the hepcidin promoter in an active state. Accordingly, hepcidin gene expression was markedly decreased in Smad4 liver-specific knock-out mice, which are unresponsive to both iron and interleukin-6, another well-known inducer of hepcidin gene expression. 7 Importantly, in contrast to cellular HJV, which positively regulates hepcidin gene expression, a soluble hemojuvelin (sHJV) form, present in the serum, was shown to suppress hepcidin gene expression in liver cells 8, 10 by a yet uncharacterized mechanism. In contrast to HJV, not much is known concerning HFE and TfR2 signaling pathways, except that these proteins are not required for hepcidin's response to BMP. 9 TfR2 has emerged as a strong candidate likely to be part of the regulatory system at the membrane of the hepatocyte sensing diferric iron. This assumption is based mainly on the following. TfR2 affinity for holotransferrin is low (25-fold lower than that of TfR1); its tissue distribution is limited with prominent expression in the liver; and, the biological function of TfR2, in contrast to that of TfR1, is most likely not related to iron uptake. Indeed, human mutations in TfR2 are associated with liver iron overload, a clinical observation which is not consistent with a function of TfR2 in iron uptake.
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HFE is an atypical major histocompatibility class I like molecule that was shown to form protein complexes with both TfR1 and TfR2. 12, 13 It was recently proposed that, as serum iron saturation increases, HFE is dislodged from its overlapping binding site on TfR1 by iron-transferrin. HFE would then be able to interact with TfR2 and to signal, by unknown mechanisms, the upregulation of hepcidin.
14 So far, in vitro studies in hepatoma cell lines have failed to reproduce increased hepcidin synthesis in response to iron, hampering the study of integrated mechanisms for iron-responsive hepcidin regulation. Here, we investigated the capacity of murine hepatocytes in primary culture to respond to holotransferrin and asked how TfR2 and HFE might link holotransferrin, the physiological form of circulating serum iron, to hepcidin.
Design and Methods

Animals
Female C57BL/6 mice (Charles River) were cared for in accordance with the principles of the "European convention for the protection of laboratory animals" and the Animal Welfare Committee of the University DescartesParis 5 (Paris, France). Animals were given free access to tap water and a standard laboratory mouse chow diet (AO3, iron content 280 mg/kg, UAR, France). The HFE knockout mice were kindly provided by the laboratory of Nancy Andrews. Sex and age-matched wild type and HFE knock-out mice on a 129/SvEvTac background were used in this study. 15 
Primary culture of hepatocytes
Hepatocytes were isolated from 2-4-month old C57Bl/6 female mice or from HFE +/+ and HFE -/-female mice on a 129Tc strain, by a modification of the collagenase method. 16 Hepatocytes were seeded at a density of 2×10 6 cells in 60-mm Petri dishes and cultured at 37°C (5% CO2) with medium containing 10% serum for 4 h. After cell attachment, the medium was replaced by fresh M199 medium without serum for 42 h. Unless indicated for the kinetic studies, hepatocytes were incubated for an additional 24 h with complete fresh medium containing either no serum (control cells), 10% fetal calf serum, 30 µM human holotransferrin (Sigma), 30 µM apotransferrin (Sigma), 10% serum+30 µM human holotransferrin, or 10% serum+30 µM bovine holotransferrin. Treatments were as follow: actinomycin D and cycloheximide (Sigma) were added for 24 h at 1 µg/mL and 50 µg/mL, respectively. Monoclonal anti-human BMP2/4 antibody and recombinant mouse noggin (R&D systems) were used for 24 h at 20 µg/mL and 1 µg/mL, respectively. Epidermal growth factor (EGF) treatment consisted of 50 ng/mL (Sigma) for 15 min. Finally, the inhibitor U0-126 (Cell Signaling) was added 1 h before serum and serum+holotransferin treatments, and used at 10 µM for 24 h.
RNA isolation and analysis
Total RNA was isolated using the Qiagen RNAeasy kit according to the manufacturer's instructions (Qiagen). Northern blot analysis was carried out as previously described. 17 Real-time quantification of transcripts was performed in a LightCycler 1.5 instrument (Roche) using fast start DNA master SYBR ® Green 1 (Roche). The sequences of the primers were: hepc1, forward 5'-CCTATCTCCATCAACAGATG-3' and reverse 5'-TGCAACAGATACCACACTG-3' ; β actin forward 5'-AGGCCCAGAGCAAGAGAGG-3' and reverse 5'-TACATGGCTGGGGTGTTGAA-3', BMP2 forward 5'-GTTTGGCCTGAAGCAGAGAC-3' and reverse 5'-AAGTTCCTCCACGGCTTCTT-3', BMP4 forward 5'-GAGGGATCTTTACCGGCTCC-3' and reverse 5'-GTTGAAGAGGAAACGAAAAGCAG-3', BMP6 forward 5'-ATGGCAGGACTGGATCATTGC-3' and reverse 5'-CCATCACAGTAGTTGGCAGCGT-3'.
Protein analysis
Cells were harvested and total protein extracts were prepared as described elsewhere 18 in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 10% (vol/vol) glycerol, 1 mM dithiothreitol, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM Na3VO4, 0.5 mM phenylmethylsulfonyl fluoride, and 1% NP40. For western blot analysis, membranes were incubated with primary antibody: rabbit anti-TfR2 (Alpha Diagnostic), rabbit anti-p44/42 MAP kinase (Cell Signaling), rabbit anti-active MAPKpAb (Promega), rabbit anti-phospho-Smad1/5/8 (Cell Signaling), rabbit anti-Smad4 (Cell Signaling) and mouse anti-α-tubulin (Sigma, France). The antigen-antibody complexes were detected using horseradish peroxidaselabeled rabbit anti-IgG or mouse anti-IgG and a SuperSignal West Pico chemiluminescence kit detection system (Pierce).
Statistics
Results are expressed as mean ± standard deviation. Student's t test was used for estimation of statistical significance.
Results
To investigate the molecular mechanisms involved in the induction of hepcidin synthesis by holotransferrin, we first used human and murine hepatoma cell lines. In these transformed cells, we were unable, using different conditions, to show any activation of hepcidin expression by holotransferrin (data not shown). Furthermore, we confirmed that non-transferrin bound iron led to a strong inhibition of hepcidin expression (data not shown) as previously reported. 19, 20 We thus decided to explore hepcidin gene regulation in a more physiologically relevant model using mouse hepatocytes in primary culture.
Hepcidin regulation by serum and holotransferrin in hepatocytes in primary culture
Mouse hepatocytes isolated by collagenase treatment were cultured for 42 h in serum-free medium. Fresh medium containing either 10% serum, 30 µM human holotransferrin, or both, was then added for an additional 24 h. We found that, compared to hepcidin levels in total liver, hepcidin mRNA levels dropped dramatically in isolated hepatocytes cultured in the absence of serum, with levels being undetectable after 42 h of culture ( Figure 1 ). Addition of 30 µM holotransferrin alone had no effect on hepcidin expression, while addition of serum dramatically increased hepcidin expression. Interestingly, addition of 30 µM holotransferrin significantly and reproducibly increased the serum-dependent hepcidin expression. Quantification by real-time PCR (Online Supplementary Figure S1 ) showed a 4-fold increase of hepcidin gene expression by holotransferrin relative to hepcidin levels in the presence of serum alone, demonstrating that isolated hepatocytes are capable of sensing iron and of responding, in the presence of serum, by increasing hepcidin gene expression. The specificity of the response to iron-bound transferrin was further demonstrated by the fact that apotransferrin was unable to induce hepcidin gene expression in this system (Online Supplementary Figure S1 ). Interestingly, Kawabata et al. reported that human holotransferrin was able to bind both human TfR1 and TfR2, while, in contrast, bovine holotransferrin recognized only human TfR2. 21 We thus tested the effect of bovine holotransferrin and demonstrated the same efficiency of bovine and human holotransferrin in inducing hepcidin expression (Online Supplementary Figure S1 ). Assuming that, as in human cells, bovine holotransferrin did not recognize mouse TfR1 (mouse and human TfR1 share 95% similarity in the C-ter region binding holotransferrin), but specifically mouse TfR2, this result favors the hypothesis Figure 1 . Hepcidin mRNA levels in hepatocytes in primary culture treated with serum and serum plus human holotransferrin [(holoTf (h)] Hepcidin mRNA levels in primary hepatocytes was determined by northern blot analysis. Hepatocytes were treated, after a 42 h period of serum-free culture, with either 0% serum (control cells), 10% serum, 30 µM human holotransferrin, or both, for 24 h. Total liver RNA (20 µg) was subjected to electrophoresis, blotted, and hybridized with hepcidin and 18S-labeled probes. The experiment was performed at least three times and a representative result is shown.
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Hepc Serum ----+ + + + --+ + --+ + HoloTf(h) LIVER that TfR2 might preferentially be the receptor activated by holotransferrin for signaling to hepcidin.
The effects of serum and serum+holotransferrin on hepcidin gene expression were further investigated. The hepcidin response to serum was rapid, occurring at 2 h after the addition of serum into the medium, being maximal at 6 h and then reaching a plateau (Online Supplementary Figure S2A) . The specific response of hepcidin to serum+holotransferrin was delayed and significantly different to that of the response to serum only after 12 h of culture (Online Supplementary Figure S2A) . De novo synthesis of protein was not required for the effects of serum and serum+holotransferrin since hepcidin response was maintained in conditions of serum+cycloheximide, and serum+holotransferrin+cycloheximide (Online Supplementary Figure S2B) . Finally, the addition of actinomycin D, an inhibitor of transcription, when added to the medium in the presence of the serum, inhibited the serum-induced effect on hepcidin expression indicating that the upregulation of the hepcidin gene is transcriptionally dependent (Online Supplementary Figure S2B) . Similarly, when actinomycin D was added 8 h after the addition of serum in the medium, the effect of holotransferrin-induced hepcidin expression was blunted, suggesting a transcriptional effect of holotransferrin on hepcidin gene expression (Online Supplementary Figure S2C ).
Role of bone morphogenetic protein on hepcidin regulation by serum and holotransferrin in hepatocytes in primary culture
Since BMP signaling is important for hepcidin expression, 6, 8, 9 we looked at the role of BMP in the effects of serum and serum+holotransferrin in inducing hepcidin gene expression. First, we confirmed that in our cell culture system, the hepatocytes were sensitive to BMP and showed a 500-1000 fold increase of hepcidin with 24 h treatment of 42 h serum-starved hepatocytes with 20 ng/mL BMP2 (data not shown). We then tested the effects of noggin, a soluble BMP inhibitor that binds to BMP ligands and blocks the binding epitope for BMP receptors, 22 in the presence of serum or serum+holotransferrin. As shown in Figure 2 , noggin inhibited the hepcidin response to serum by 50% and completely blunted the response to holotransferrin, decreasing the level of hepcidin to that with serum in the presence of noggin. Similar results were obtained using neutralizing antibodies against BMP2/BMP4 (Figure 2 ). Since hepatocytes produce BMP, we asked whether serum or serum+holotransferrin conditions were capable of inducing BMP gene expression. In the time-course experiment shown in Figure 2B , endogenous BMP2 mRNA levels were not affected by the presence of serum or serum+holotransferrin in the medium. The same results were obtained for BMP4 and BMP6, i.e., no significant increase of mRNA levels was induced by serum and holotransferrin treatment (data not shown). Altogether, these results are in agreement with our previous data suggesting that de novo protein synthesis is not required for the effects of serum and holotransferrin on hepcidin expression, thus strongly favoring the hypothesis that the effect of serum and holotransferrin are due, partly, to the presence of BMP2/4 contained in the serum.
Transferrin receptor-2 activation leads to the stimulation of the ERK1/2 pathway and hepcidin response to holotransferrin
The next question we addressed was the role of TfR2 in hepcidin expression after activation by its ligand, holotransferrin. The recent observation that specific stimulation of TfR2, and not of TfR1, by holotransferrin, led to the activation of the ERK1/2 cascade in K562 cells 23 prompted us to ask whether holotransferrin was able to activate this pathway in isolated hepatocytes. That this was indeed the case is shown in Figure 3 by the rapid and transient phosphorylation of ERK1/2 after short-term exposure of 42 h serum-starved hepatocytes to either Figure 2 . Effects of noggin and neutralizing BMP2/4 antibodies on hepcidin response to serum and serum+holotransferrin and kinetic study of BMP2 mRNA levels. Relative changes in hepcidin mRNA levels were quantified by real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) performed on cDNA synthesized from 2 µg total RNA (β-actin normalized, arbitrary units) (A) Hepatocytes were treated, after a 42 h period of serum-free culture, with either 0% serum (control cells), 10% serum, or 10% serum + 30 µM human holotransferrin [holoTf(h)], in the presence of either 1 µg/mL noggin or 20 µg/mL BMP2/4 antibodies (Ab BMP2/4), for 24 h. Results are expressed relative to hepatocytes cultured for 66 h without serum. Mean±SD for three independent samples. The experiment was performed three times and a representative result is shown. Statistical analysis was performed using Student's t test (unpaired, two-tailed). ***p<0.001 as compared to untreated hepatocytes. (B) Hepatocytes were treated, after a 42 h period of serum-free culture, with either 0% serum (control cells), 10% serum or 10% serum in the presence of 30 µM human holoTf for 2, 4, 6, 8, 12 or 24 h. Relative changes in BMP2 mRNA levels were quantified by real-time qRT-PCR performed on cDNA synthesized from 2 µg total RNA (β-actin normalized, arbitrary units). Results are expressed relative to hepatocytes cultured for 66 h without serum. Mean±SD for three independent samples. The experiment was performed three times and a representative result is shown. Statistical analysis was performed using Student's t test (unpaired, two tailed). 
holotransferrin alone ( Figure 3A , 30 µM holotransferrin for the indicated time), serum alone ( Figure 3B , 10% serum for the indicated time), or both ( Figure 3C ). Noteworthy, in these latter conditions, the activation of the ERK1/2 pathway was enhanced and sustained for a longer period of time. To determine whether ERK1/2 activation in hepatocytes was involved in hepcidin induction by serum and serum+holotransferrin, hepatocytes were cultured in the presence of the specific ERK1/2 inhibitor, U0-126. The efficacy of the inhibitor on P-ERK1/2 is illustrated in the western blot in Figure 3C . Figure 3D shows that, in the presence of U0-126, the effect of hepcidin activation by serum tended to decrease but without statistical significance. In contrast, the effect of holotransferrin was completely inhibited in the presence of the inhibitor, suggesting that the ERK1/2 pathway might convey transcriptional information from holotransferrin to hepcidin.
ERK activation by holotransferrin increased phospho Smad 1/5/8
Since BMP signaling occurs through phosphorylation of Smad1/5/8, we next investigated the effects of serum or serum+holotransferrin on hepatic P-Smad1/5/8 ( Figure 4) . The presence of serum led to the activation of PSmad1/5/8 beginning 30 min after the treatment with Figure 3 . Effect of holotransferrin treatment on ERK1/2 activation and of a specific ERK1/2 inhibitor on hepcidin mRNA induction by holotransferrin. (A) After a 42 h period of serum-free culture, hepatocytes were treated either with 30 µM holotransferrin (holoTf) alone (A), 10% serum alone (B), or both (C) for 5, 10, 15, 30, or 120 min. Activation of the ERK1/2 pathway was assessed by immunoblotting 80 µg hepatocyte extracts with the phospho-ERK1/2 antibody. The relative amount of ERK1/2 was ascertained by immunoblot analysis using ERK1/2 antibody. Hepatocytes were treated for 15 min with 50 ng/mL EGF as a positive control for the activation of the ERK1/2 pathway. Molecular weight markers (kDa) are indicated on the left. (D) Relative changes in hepcidin mRNA levels as quantified by real-time qRT-PCR performed on cDNA synthesized from 2 µg total RNA (β-actin normalized, arbitrary units). Hepatocytes were treated for 24 h, after a 42 h period of serum-free culture, with either 0% serum (control cells) or 10% serum with or without 30 µM holoTf, in the presence or absence of 10 µM U0-126 inhibitor added 1 h prior treatment. Results are expressed relative to hepatocytes cultured for 66 h without serum. Mean±SD for four independent samples. The experiment was performed at least three times and a representative result is shown Statistical analysis was performed using Student's t test (unpaired, two tailed). NS: non significant. maximum activation reached at 120 min. Holotransferrin alone was inefficient in activating this pathway throughout the kinetics. Interestingly, in the serum+holotransfer-rin condition, the amount of P-Smad1/5/8 was increased at both 15 and 30 min (comparing lanes 3 to 1, and 7 to 5, respectively) suggesting that the presence of holotransferrin could enhance phosphorylation of Smad1/5/8. This observation lead to the hypothesis that holotransferrininduced ERK activation could be responsible for the increase of Smad1/5/8 phosphorylation. When serum+holotransferrin treated cells were incubated in the presence of the ERK inhibitor, the activation of Smad1/5/8 phosphorylation was indeed blunted at 15 and 30 min (comparing lanes 4 to 3, and 8 to 7, respectively) strongly suggesting that short-term activation of ERK is required for increased levels of P-Smad1/5/8. At 120 min, when P-ERK had returned to basal levels, the amount of P-Smad1/5/8 was found to be similar in the absence or presence of the ERK inhibitor, suggesting that an additional event is necessary beyond Smad1/5/8 phosphorylation for full hepcidin gene activation.
HFE is not required for the hepcidin response to holotransferrin
HFE has recently been described as being a key component of the liver-centered homeostatic regulatory mechanism to signal for hepcidin production. 13, 14, 24 To determine to what extent HFE is pivotal for hepcidin regulation by serum and holotransferrin in culture, similar experiments were performed with hepatocytes isolated from Hfe knockout (Hfe -/-) mice ( Figure 5 ). As in hepatocytes from the C57Bl/6 strain, in the Hfe +/+ control hepatocytes isolated from the 129Tc strain, hepcidin expression was induced by serum and hepcidin mRNA levels were further increased about 4-fold in the presence of holotransferrin. Interestingly, in Hfe -/-hepatocytes, although the effect of serum was reduced by 50% as compared to that in Hfe +/+ hepatocytes, the fold induction of hepcidin by holotransferrin was similar to that observed in Hfe +/+ hepatocytes. Activation of the ERK and HJV/BMP pathways were found to be identical in Hfe +/+ and Hfe -/-hepatocytes in the presence of serum, holotransferrin and serum+holotransferrin (data not shown).
Discussion
In this work, we developed culture conditions allowing transcriptional activation of hepcidin by serum and holotransferrin in mouse hepatocytes in primary culture. The effect of serum was robust (100-to 200-fold depending on the batch of serum), rapid (and sustained at least over 24 h), direct (no requirement for de novo protein synthesis) and partly due to the presence of BMP. The fact that BMP expression was similar in starved or serum-treated hepatocytes ( Figure 2B ) suggests that, in our model system, the endogenous levels of BMP were not sufficient to induce hepcidin levels in the absence of serum, and that the level of BMP activity necessary to induce hepcidin expression in serum conditions is likely due to BMP present in the serum. Knowing the important role of BMP during mammalian fetal development, one may predict that fetal bovine serum is highly enriched in BMP. However, an increase in BMP maturation or secretion induced by serum could not be completely ruled out. To test a possible effect of serum on the proteolytic activation of BMP precursors by furin, 25 furin mRNA levels were measured and found to be unchanged regardless of the cell culture conditions (data not shown). In hepatoma cells, the contribution of endogenous BMP ligands to basal hepcidin expression was recently investigated using short interfering RNA. 8 It was shown that endogenous BMP 2, 4 and 6 ligands all contribute to basal hepcidin expression. The authors hypothesized that these endogenously expressed BMP ligands could be inactivated after interaction with sHJV, thereby explaining the mechanism by which sHJV inhibits hepcidin expression in these cells. 6, 8 Interestingly, Kautz et al. recently suggested that, among the various BMP, BMP6 could have the preponderant role in the activation of the Smad signaling pathway in vivo. They showed that liver expression of BMP6 was transcriptionally regulated by iron, i.e. induced by iron overload and repressed by iron deficiency, suggesting its critical role in the maintenance of systemic iron homeostasis. 26 The remaining hepcidin transcriptional activity measured in the presence of noggin suggests that there are other stimulatory effectors present in the serum, with the inflammatory cytokines (such as interleukin-6 and interleukin-1β) being obvious candidates. 27, 28 Finally, in our system, ERK activation seemed not to be required for serum-dependent hepcidin activation since the presence of U0-126 did not significantly alter hepcidin expression. In addition, activation of the ERK pathway by EGF alone was not sufficient to activate hepcidin expression in starved hepatocytes (not shown). 
We then tested the effect of 30 µM holotransferrin in our culture system. This physiological concentration (holotransferrin levels in healthy individuals range from approximately 9-18 µM) was chosen since it was previously estimated to be the level at which hepatocytes could sense holotransferrin to regulate hepcidin gene expression. 29 Holotransferrin alone was unable to activate hepcidin gene expression. In contrast, we demonstrated that, in the presence of serum, holotransferrin was able to reproducibly and significantly induce a 3-to 5-fold activation of hepcidin gene expression, suggesting the synergistic activation of hepcidin by two cooperating pathways. This result contrasts with recent data from Lin et al. showing that primary hepatocytes cultured for 48 h before treatment with 30 µM holotransferrin no longer responded by increasing hepcidin mRNA. 29 The main difference is that, in our study, hepatocytes were previously serum-starved before serum+holotransferrin treatment. This could suggest the presence of long-term dominant negative regulators present in the serum or activated by the serum. It is noteworthy that the increased effect of holotransferrin on hepcidin was not due to contamination of the transferrin preparations by endotoxin (a potent inducer of hepcidin synthesis) as indicated by the absence of inducing effect of holotransferrin by itself. Furthermore, the effect of holotransferin was not observed with the iron-free ligand apotransferrin or with non-transferrin bound iron.
It was recently shown that TfR2, unlike TfR1, was present in lipid rafts and that binding of holotransferrin to TfR2 can activate the ERK signaling pathway in K562 cells. 11 We present here the first evidence that the same activation is operating in hepatocytes and that ERK activation is necessary for holotransferrin-induced hepcidin gene expression. Interestingly, we also showed that holotransferrin regulates hepcidin mRNA concentrations through a HJV/BMP dependent pathway since the effect of holotransferrin was lost in the presence of noggin and BMP2/4 antibodies. This result confirms the recent observation of Lin et al., who reported that holotransferrin was an inducer of hepcidin gene expression in freshly isolated murine hepatocytes. 29 We thus sought to investigate whether the ERK and HJV signaling pathways were dependent on each other. Smad4 is an interesting putative target of ERK since it was reported that ERK can phosphorylate Smad4 in vitro and that this phosphorylation could lead to enhanced Smad4 nuclear accumulation and, as a consequence, increased Smad4 transcriptional activity. 30 To determine whether holotransferrin-induced ERK1/2 triggered Smad4 to translocate to the nucleus of the treated cells, nuclear extracts were prepared at different times after serum, holotransferrin or serum+holotransferrin treatments and assessed by western blot analysis (Online Supplementary Figure S3) . However, there was no detectable change in the amount of Smad4 in either the nucleus, or the cytosol, regardless of the culture conditions, suggesting that Smad4 is most likely necessary but not sufficient to sense holotransferrin. We then measured the amount of P-Smad1/5/8 after hepatocyte stimulation by serum+holotransferrin and found that ERK inhibition led to a strong decrease in the amount of P-Smad1/5/8, possibly responsible for the decrease of hepcidin gene expression observed in the presence of the ERK inhibitor (Figure 3 ). Whether Smad1/5/8 are direct targets of ERK is unknown, although the kinetics of the pathway activation (very rapid for ERK and delayed for Smad1/5/8) does not favor this hypothesis. Importantly, regulation of Smad activity by kinase pathways has already been widely documented. 31 Increasing evidence suggests that the amount of phosphorylation of Smad1/5/8 is directly related to irondependent expression of hepcidin in vivo. In mice, iron dextran injection 32 as well as an iron-rich diet 26 were shown to increase liver P-Smad1/5/8. Conversely, sHJV injected into mice was shown to induce decreased serum iron and decreased liver P-Smad1/5/8. 8 The regions of the hepcidin promoter necessary for the trancriptional response of the gene to iron have not yet been characterized. Truksa et al. have, however, recently reported that they might be distally located, up to 1.6 kb from the start site of hepcidin gene transcription. 33 Our hepatocytes in primary culture will constitute an invaluable model for studies aimed at determining the iron-responsive regions of the hepcidin gene.
The iron-sensitive mechanism for up-regulating hepcidin expression in response to iron overload in vivo involves TfR2 and HJV/Smad pathways. After iron injection, hepcidin mRNA levels remained unchanged in TfR2, 34 HJV 35 and liver-specific Smad4 knock-out mice. 7 In patients with hemochromatosis related to TfR2 36 or HJV 37 mutations, urinary hepcidin levels were found to be decreased or barely detectable, respectively. The role of HFE in iron sensing has remained more controversial. In both Hfe knockout mice and patients with HFE-related hemochromatosis, most data suggest that functional HFE is required to maintain basal hepcidin mRNA levels. However, according to some authors, this level could be increased above basal levels in response to altered iron status, [38] [39] [40] suggesting that HFE deficiency is not impairing iron sensing. In contrast, in a study by Piperno et al., hepcidin response to oral iron was shown to be blunted in patients with HFE mutations. 41 Here, we demonstrated that Hfe deficiency in isolated hepatocytes is associated with decreased basal levels of hepcidin but an unaltered response to iron, suggesting that the HFE-related phenotype is more likely to be related to absolute reduced levels of hepcidin rather than to a problem of iron sensing.
In conclusion, we show that murine hepatocytes in primary culture provide a suitable model for iron sensing and that holotransferrin, in cooperation with circulating serum factors, induces hepcidin expression through both BMP/HJV and ERK1/2 kinase pathways. We further confirm that HFE is necessary for the establishment of basal hepcidin levels but dispensable for hepcidin regulation by the iron-sensing machinery.
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